Abstract Influence of the initial opening speed on the characteristics of drawn vacuum arcs for axial magnetic field (AMF) vacuum interrupters (VIs) is studied using a high-speed chargecoupled device (CCD) camera. Two values of initial opening speed, 0.5 m/s and 1.5 m/s, were set to make a comparative study. The cup-type electrode was made of Cu-Cr (50%-50% in weight) with a diameter of 30 mm and a gap distance between electrodes of 10 mm. The results show that the transition time decreases by 0.5 ms when the initial opening speed increases from 0.5 m/s to 1.5 m/s at a peak current of 2.5 kA, while the transition time decreases by 1.0 ms when the initial opening speed increases from 0.5 m/s to 1.5 m/s at a peak current of 5.0 kA. The reason why the duration of the transition arc mode decreases is that the effect of electromagnetic force and Coulomb force among arcs is increased when the initial opening speed increases.
Introduction
Even the first successful application of vacuum circuit breakers began in the mid-1950s, continuous development of vacuum interrupters and vacuum circuit breakers worldwide has led to a wider range of new products and a deeper understanding of vacuum arcs. Vacuum circuit breakers were successfully applied to protect all distribution circuits with a voltage up to 40.5 kV and a fault current of up to 100 kA [1, 2] . Vacuum circuit breakers were also developed for transmission circuits [3∼5] . A vacuum switch includes both vacuum interrupter and operating mechanism. The vacuum interrupter is the core of a vacuum circuit breaker, which performs all of the functions of current interruption and voltage withstanding. However, the vacuum switch breaking a current successfully needs the cooperation of the vacuum interrupter and the operating mechanism, which means that a proper mechanical design is needed to obtain the optimum performance. This implies that there is an optimum mechanical operating characteristic that enables the mechanism design to perfectly match the vacuum arc performance [3] . TAYLOR et al. [6] demonstrated that there is a transition mode of vacuum arc in the opening process of a pair of axial magnetic field (AMF) contacts. A typical sequence of the vacuum arc evolves in the following way [6] . The arc begins with a rupture of a molten metal bridge. Then a bridge column is formed. This bridge column evolves into a transition mode. Finally, the vacuum arc develops into a fully diffusive mode. The transition mode of the vacuum arc in an axial magnetic field (AMF) is with three characteristics [6] , namely a. there is a region of concentrated cathode spots, similar to the transition mode for butt contacts at lower currents without AMF; b. over a few milliseconds, an increasing number of individual cathode spots begin to appear outside the concentrated region, until a diffusive arc forms; c. the transition mode causes a transient peak in the arc voltage. It is demonstrated that the transition arc mode is a significant source of contact melting. Generally, it is the initial opening speed and average opening speed that affect the vacuum arc behaviors from the point of view of operating mechanism. In order to understand how to match the mechanism design perfectly with the vacuum arc behaviors in AMF, the effect of the initial opening speed on the transition mode of the vacuum arc is studied in this paper.
Experimental setup
As shown in Fig. 1 , vacuum arc visualization experiments were conducted using a demountable vacuum chamber (DVC), with continuous pumping maintained at a base pressure of 10 −4 Pa or lower. The arc behavior was filmed using a high-speed CCD camera at 4000 fps with an exposure time of 5 µs. The arc current was a half-cycle sine wave with a frequency of 50 Hz, which was provided by an L-C discharging circuit. Experiments were conducted at a current of 5.0 kA and 2.5 kA. The arc current was measured by a shunt, and the vacuum arc voltage was measured by a high-voltage probe. Since it is difficult to distinguish between the bridge column mode and the transition mode for a low arcing current, for example, a peak current of 5 kA in our case, we define in this paper that the transition mode is from the bridge column mode to the diffusve mode. By controlling the over-travel of the contact spring, the initial opening speed can be varied. In our case, the initial opening speed was defined as "the average speed from departure of the contacts to 1/5 of the total contact gap". The initial opening speed was calculated from a displacement curve measured by a transducer. Two initial opening speeds, 0.5 m/s and 1.5 m/s, were compared to observe the effect of the speed on the duration of the transition mode.
Fig.1 Schematic diagram of experimental system
The contact and coil geometry is shown in Fig. 2 . The experiments used Cu-Cr (50%-50% in weight) contacts with a diameter of 30 mm, and the electrode separation was fixed at 10 mm in all tests. 
Experimental results
The photographs of vacuum arc at a current with an amplitude of 5.0 kA are shown in Fig. 3(a) , where the initial opening speed is 0.5 m/s. Two contacts are separated in 4.00 ms, and after separation, the arc begins a bridge column-type arc at the left and right edge of the contact. The brightness of the left arc is lower, and the right one is gradually expanded to the center of the contact. At 4.75 ms, the surface of the cathode exhibits a small number of cathode spots. Then the vacuum arc evolves into a transition mode. The photographs show that the transition mode lasts 2.0 ms. As the arc current and voltage drop, the brightness of the arc column declines slightly. The experimental waveform of arc voltage is shown in Fig. 3(b) , with a maximum arc voltage of 26.8 V. In the opening process of the contacts, the vacuum arc exhibits a positive voltage-ampere characteristics. Fig. 4(a) shows the vacuum arc's evolution, with a peak current of 5.0 kA and an initial opening speed of 1.5 m/s. Two contacts are also separate at 4.00 ms. In such a case, the duration of the transition vacuum arc decreases by 1.0 ms, compared to 2.0 ms for an initial opening speed of 0.5 m/s. At 6.75 ms, the arc turns into the diffusive mode. As the arc current drops, the number of cathode spots decrease and the distribution is more uniform. At 10 ms, the vacuum arc quenches. In Fig. 4(b) it is shown that the maximum vacuum arc voltage is 29.4 V, which is 10% higher than that for an initial opening speed of 0.5 m/s. During the arcing process, the voltage waveform is stable and the voltage decreases with the current.
The photographs of vacuum arc at a peak current of 2.5 kA are shown in Fig. 5(a) , where the initial opening speed is 0.5 m/s. Two contacts are separate at 3.00 ms. The transition mode time lasts 1.0 ms, that is, from 3.00 ms to 4.00 ms. After that, the vacuum arc is in the diffusive mode. The maximum vacuum arc voltage is 22.6 V, as shown in Fig. 5(b) . The evolution of vacuum arc at a peak current value of 2.5 kA and an initial opening speed of 1.5 m/s is shown in Fig. 6(a) . Two contacts are also separate at 3.00 ms. At 3.25 ms, the metal bridge ruptures, then a bridge column-type arc appears. At 3.75 ms, the surface of the cathode exhibits a small number of cathode spots, especially at the center of the contact, and soon after the vacuum arc changes into the transition mode. It shows that the duration of the transition mode in this case is 0.5 ms, which is lower than 1.0 ms under an initial opening speed of 0.5 m/s. Subsequently, the right and the center of the arc are integrated, and the contact gap is filled with a bright region. At 4 ms, the arc evolves into a diffusive mode. A maximum vacuum arc voltage of 23.8 V is shown in Fig. 6(b) , which is about 5% higher than that at an initial opening speed of 0.5 m/s. During the arcing process, the voltage waveform is stable and the voltage decreases with the current. 
Discussion
The data listed in Table 1 indicate that the transition time decreases with increase in initial opening speed. At a peak current of 2.5 kA, the duration of the transition vacuum arc decreases by 0.5 ms when the initial opening speed increases from 0.5 m/s to 1.5 m/s. At a peak current of 5.0 kA, the transition time decreases by 1.0 ms when the initial opening speed increases from 0.5 m/s to 1.5 m/s. Therefore, it indicates clearly that the higher the initial opening speed, the less transition mode time is needed.
At the same time, it is also shown that the peak arc voltage increases with the increase in initial opening speed. At a peak current value of 2.5 kA, the peak arc voltage increases 5%, from 22.6 V to 23.8 V when the initial opening speed increases from 0.5 m/s to 1.5 m/s. At the peak current of 5.0 kA, the peak arc voltage increases 10%, from 26.8 V to 29.4 V. Therefore, the arcing energy increases with the increase in initial opening speed.
As indicated by Table 1 , the lower the current, the more quickly the vacuum arc goes to the diffusive mode. Because of the rupture of the metal bridge, a large amount of energy is released, which leads to an increase in the pressure of the metal vapor. Since the surface of the cathode possesses favorable conditions for thermal emission and field emission as well as the high pressure of the metal vapor, the vacuum arc easily evolves into a constrict arc. With the increase in contact gap, the metal vapor spreads out and the pressure decreases. When the pressure reaches a threshold, the arc will split and the arc column will expand, when the constrict arc evolves into a diffusive arc. When the current is lower, the pressure and temperature are lower, so the metal vapor pressure can quickly reach the threshold and the arc could easily evolve into a diffusive one. The reasons why the transition time decreases with the increase in initial opening speed are described below.
The explosion of the metal bridge produces lots of vapor. At the center of the arc, the particles move along with the electric field and keep neutral. However, the particle trace is different from the electric field line at the edge of the arc. The electron's motion deflects heavily since it is light, while the heavy metallic ion with positive charge deflects slightly. Therefore, there is much positive charge around the edge of arc, which means that the edge is positive [7] . When the two arcs merge or the cathode parts, two forces, exist there, namely the attraction of an electromagnetic force and the repulsion of a Coulomb force, as shown in Fig. 7 . When the initial opening speed is low, the contact gap's space is also minor, so the vapor density is high, the gradient is smooth, and the electric field gets strong, which causes the positive charge at the edge of the arc to weaken and disappear. As a result, the Coulomb force between the arcs is reduced, whereas the electromagnetic force becomes dominant, which means that the force between the arcs turns into attraction from repulsion. Therefore the arcs begin merging, which is harmful to the arc changing into a diffusive mode and interrupting the current. In contrast, the improvement in the initial opening speed will contribute to the increase in the vapor's space, so that the vapor densities fade. Furthermore, it widens the pathway of the vapor's lateral diffusion to reduce the density and cause a sharp gradient. Due to these advantages, the arc can transform into a diffusive mode quickly.
Conclusion
The separation of the contacts leads to a bridge column arc. This arc will become a transition arc before it changes to the diffusive mode. The bridge column arc and transition arc will play significant roles in contact melting. Whether the current is 2.5 kA or 5.0 kA, the increase in opening speed can shorten the duration of the transition arc and promote the diffusion of the vacuum arc.
